Phosphorus release by fish in relation to external and internal load in a eutrophic lake Abstract-The aim of this study was to compare the rate of phosphorus release from fish with estimates of external and internal load in the eutrophic Finjasjiin, Sweden. Phosphorus release from roach and bream, when fed either benthic (Chironomidae) or pelagic (Daphnia) prey, was measured in laboratory tanks. These results were transformed to whole lake conditions by using calculated fish consumption rates of both benthic and pelagic prey based on field data for the community structure, growth rate, and diet of the fish. Phosphorus (P) release from the fish was on the average 0.53 mg P m-* d-l, which was of the same magnitude (110% of external load) as the external load and 42% of the internal load. Most of the P released from the fish was of pelagic origin, being recycled within the water column. Some 18% of the released P was due to benthic feeding, mainly by large bream, thus representing P translocated from the sediment to the water. This last component of the P release constituted 27% of the external and 10% of the internal load. The P release from fish was in a form directly available to phytoplankton, suggesting that P release from fish may be an important nutrient source for algae.
The influence of consumers on the standing stock of producers has been studied intensively during recent decades. Particular attention has been devoted to the indirect effects of fish predation on the ability of zooplankton to control phytoplankton (Leah et al. 1980; Carpenter et al. 1985 Carpenter et al. , 1987 . It is also quite possible, however, that the fish community alters primary production through regulation of the nutrient supply (Kitchell et al. 1979; Carpenter et al. 1992) . A commonly observed scenario in lakes following a reduction in the abundance of planktivorous/benthivorous fish is a decrease in phosphorus (P) concentration in the water (Henriksson et al. 1980; Wright and Shapiro 1984; Sgndergaard et al. 1990 ). This phenomenon has several possible explanations: large quantities of P stored in the fish are removed; the reduction in abundance of the fish triggers a change in food web structure that affects P cycling; and the transport of P from the sediment to the water by benthivorous fish is reduced. Early studies have shown that up to 50% of the P pool in lake water can be stored in the fish (Kitchell et al. 1975 ). This pool is a potential source of P for phytoplankton growth in situations of mass mortality (Threlkeld 1988) . If part of the fish community is removed from a lake, P incorporated into fish biomass may be lost from the system.
Planktivorous fish are also important in shaping the food web structure. Hence, through predator-prey interactions, the fish community may indirectly regulate P excretion from their prey by altering the prey's behavior, size, and species composition (Kitchell et al. 1979) . Zooplankton are known to be important regenerators of nutrients, affecting both algal production and community structure (Carpenter et al. 1992) .
In a more direct way, benthivorous fish translocate P from the sediment to the water by feeding on benthic food items, thereby providing new P for phytoplankton production (Lamarra 1975; Andersson et al. 1978; Brabrand et al. 1990 ). The release of P by the fish community has been considered to be of minor importance compared with the demands of the seston (Nakashima and Leggett 1980) . Recent studies, however, have shown that fish can regenerate more P than all the other trophic levels combined (Carpenter et al. 1992; Schindler et al. 1993) , and that the release of P by fish may be on the same order of magnitude as the external load (Brabrand et al. 1990 ).
In addition to regeneration of P by organisms and external loading, the release of P from the sediment, or internal loading, is of vital importance to phytoplankton production in eutrophic lakes. Quantitative comparisons of these three sources of P are scarce, and there are no estimates of what part of the internal load is determined by the translocation of P within a lake by means of the fish community (but see Boers et al. 1991) . The general purpose of this study was to contribute knowledge in this area by comparing the external and internal loading of P with the contribution of the fish community.
This study was carried out in the eutrophic Finjasj(in, which up to 1992 had a fish community typical of the eu-Notes trophic lakes of northern Europe, with roach (Rutilus rutilus) and bream (Abramis brama) as the dominant species. Both these species are known to increase their use of benthic resources in situations of low zooplankton availability (Persson 1983; Lessmark 1983; Lammens 1986) . Therefore, P release from roach and bream populations, through their feeding on sediment, was expected to be a significant source of new P for phytoplankton production, alongside external and internal loading.
Finjasjijn is a shallow lake (surface area, 11 km*; mean depth, 2.5 m; max. depth, 12 m) in southern Sweden that used to receive sewage water from the city of Hassleholm. In the 197Os, the external load reached its maximum (-2 g P m-* yr-') but has now been lowered to -0.5 g P m-* yr-l. Despite this reduction in external loading, the lake continues to suffer from heavy blooms in the summer, mainly of Microcystis spp. and Aphanizomenon spp., due to internal loading of F? Estimates of the external and internal load of P present in 1992 were taken from the Hassleholm City Technical Department (HCTD unpubl. rep.) that used a mass balance approach based on weekly samplings in the inlets, the outlet, and in the lake. Losses of P from the lake water due to sedimentation were not measured; estimates of the internal load are presented in terms of the net release of P from the sediment to the water.
The release of inorganic P from the Finjasjiin fish community was estimated by using a simple model combining field sampling data on the fish community and laboratory measurements of P release from fish. From the field sampling data, the total consumption of benthic and pelagic food items by fish between May and October 1992 was calculated with the equation consumption = growth food conversion efficiency'
where food conversion efficiency was assessed as the fraction of food intake resulting in growth. By using Eq. 1 and laboratory measurements of the P release occurring when various amounts of food were consumed, the community P release was calculated. Fish growth was calculated separately for each of five different age classes of both roach and bream (0+, 1 +, 2-3+, 4-5+ and ?6+, representing for roach the size classes <70 mm, 70-120 mm, 120-150 mm, 150-180 mm, and 180-220 mm, and for bream <70 mm, 70-120 mm, 120-200 mm, 200-300 mm, and 300-600 mm). For each age class, the specific growth rate (% increase in fish biomass by the end of the growth period) was determined first. This ratio was then multiplied, for each age class, by the total biomass in the lake to obtain the total fish production in the lake and ultimately the consumption for the lake as a whole. Finally, diet analyses were used to separate consumption into two categories in terms of the origin of food items-pelagic (recycled P) or benthic (new P).
Earlier studies of roach have shown that food conversion efficiency at 4-20°C is dependent on both temperature and ration size but is independent of fish size (Lessmark 1983) . The mean temperature in Finjasjiin between May and October 1992 was 16°C. Lessmark (1983) estimated that at this temperature, the food conversion efficiency was 20% for roach that were fed maximum rations, finding too that food conversion efficiency decreased as ration size became smaller. The roach in Finjasjiin had a growth rate considerably lower than what Lessmark estimated to be the maximum growth rate. Accordingly, a food conversion efficiency of 10% was used in all the calculations of food consumption both for the roach and the bream.
Because the temperature dependence of food conversion efficiency is not linear, the procedure described above is inadequate. However, Lessmark's (1983) studies of roach and perch show that within the limited temperature range present during this study period (lo-2O"C), food conversion efficiency can be well described by a linear function. In view of the high competition present within the roach and bream community, indicated by the density of fish and the diet analyses (see below), the assumption of a food conversion efficiency of 10% provides a conservative estimate of food consumption. Because Eq. 1 is sensitive to the food conversion efficiency chosen, additional calculations were made for 5 and 15% food conversion efficiency, representing high and low estimates of P recycling.
This method for calculating fish consumption assumes zero mortality between May and October. Fish consumption is thus underestimated due to fish consumption from the part of the fish community that suffers from mortality during this period and thus was not included. However, the mortality rate was unknown, so this method was chosen rather than assumptions being made regarding the mortality rate of different species and size classes during this specific period.
Because great care should be taken in extrapolating the results of laboratory experiments to whole lake conditions, calculations were also performed of P recycling by fish according to Nakashima and Leggett's (1980) mass balance model for the P budget of fish. The mass balance approach was used to provide an independent estimate of P recycling by the fish to be compared with estimates derived from results of laboratory experiments. The P mass balance can be written as
where egestion can be expressed as a proportion of the total consumption:
Nakashima and Leggett showed that P assimilation efficiency is -72% for yellow perch that consume a variety of prey types, so the mass balance can be expressed as
where P(consumption) is the mass consumption X [P] of the prey and where P(growth) is the mass growth X [P] of the fish. For the fish prey, a [P] of 1% of prey dry weight (DW) was used, and for the fish [P] of 2.2% of fish DW was used (Penczak 1985) . Only the two most common species, roach (45% of total fish wet weight [WW] ) and bream (39% of total fish WW), are included in the calculations and they are fish community from the fish reduction program and relative referred to in the following as the fish community. abundance data. Field sampling was performed during two periods. The first (April-October 1992) involved obtaining estimates of the community structure, diet, and growth of the fish. During the second period (October 1992-June 1993), a fish reduction program was in progress and the size of the fish community in October 1992 was obtained.
Sampling was performed using a pair trawl towed at a speed of -1 m s-l for 10 min (Department of Ecology, Lund, unpubl. rep.) . Duplicate samples were taken at five depths (2, 3, 4, 6, and 8 m) and on six occasions between April and October 1992. The fish were measured (total length) individually. In each sample, the total WW was determined for each species.
On each sampling occasion, the intestines of at least 25 individuals of each of the five different age classes of both roach and bream were preserved in 75% ethanol. Exceptions were the 0+ and for 1+ bream, which were rare and were only occasionally caught, so that for these age classes fewer individuals were involved. Analyses of diet were carried out by determining the number and the length of the different food objects from the first two parts of the S-shaped intestine. Length was converted to dry mass by using lengthmass relationships as presented by Bottrell et al. (1975) (zooplankton), Smock (1980) , and Persson and Greenberg (1990) (macroinvertebrates).
For the laboratory measurements, the roach were collected by angling from a pond outside Lund and the bream were collected by trawling from Finjasjon. One size class of bream with a mean length of 250 mm (range, 210-280 mm) and two size classes of roach with mean lengths of 120 mm (range, 115-125 mm) and 135 mm (range, 130-140 mm) were acclimatized for 3 weeks before the experiment began. A-16 : 8 L/D cycle was used in all the experiments. The water temperature was maintained at 16 + l"C, a temperature chosen because it was the average temperature present during the field study carried out in Finjasjon. The fish were kept in a holding tank from which they were collected at random for each experiment. In the holding tank, the fish were fed either Chironomidae (Chironomus plumosus) or zooplankton (Daphnia magna) daily.
The experiment was carried out in two sets of tanks filled with tapwater. Large tanks (60 liters) were used when the fish were fed, the water being renewed before each experiment. The release of P from the fish was studied then in small tanks filled with tapwater (20 liters). Before each experiment, the latter tanks were cleaned with 0.01 M HCl.
Scales from 50 roach and 50 bream of different sizes were also collected in October 1992 for back calculations of the growth occurring in 1992. Body length was converted to biomass (DW) by using length-mass relationships. It was assumed that growth in 1992 took place between May and October, when the water temperature was 210°C (HCTD unpubl. rep.) .
Between October 1992 and June 1993, 187 t of nonpiscivorous fish (170 kg ha-') were removed from the lake by trawling equipment similar to that described above. The size of the fish community in October 1992 was estimated with the following relationship, a constant catchability being assumed Either five roach or two bream were placed in a each of the 60-liter tanks and were starved for 24 h before being fed a meal equivalent on a DW basis to 2% of their body weight. Fish were allowed at that time to feed on either Daphnia (0.42 g DW) or Chironomidae (0.69 g DW) for 2 h. The fish from each tank were then moved to a small tank (again five roach or two bream in each tank). One of these small tanks was left untreated as a control. Water samples were taken immediately after introduction of the fish into the small tanks and after 18 h, which according to Persson (1982) is sufficient time for evacuation of the main part (>90%) of the meal at 16°C. The fish were then weighed individually to the nearest 0.1 g. The water was analyzed for total P and for phosphate concentration with a Technicon autoanalyzer II. The P release from the fish was expressed as P release f CPUE,
where B denotes the total fish biomass in October 1992 (B,) and at t (B,), and CPUE the catch per unit effort (=catch per haul). Because B, can also be described as B, = B, -B,, where B, denotes the fish biomass removed at t, the relationship can also be expressed as B, = Br
CPUE data from the fish reduction program were plotted as a function of the cumulative number of hauls and fitted to a linear regression model. CPUE, and CPUE, were estimated from the regression model, the 95% C.I. of the slope being used to determine the 95% C.I. of the fish community estimate. The total biomass for the different size classes of roach and bream were then calculated from data for the total
where V is the volume of water, [P] is the concentration of P in the water at different times in the small tanks that were treated, control[P] is the concentration of P at different times in the small tank containing the control, and C is the consumption of food expressed in DW. Measurements on five runs of each treatment were made. Diet analyses for the roach in Finjasjon showed an increase in the proportion of benthic prey with increasing size class, the proportion being about zero for the size classes up to 150 mm and increasing to 39% for roach that were longer than 180 mm (Fig. 1) . In addition, pilot experiments showed that the small roach had difficulty in handling large prey (Chironomidae). The large roach (mean length, 135 mm) were thus fed with Chironomidae and the small roach (mean length, 120 mm) with Daphnia. The size class of the bream selected was expected to feed on both types of prey.
The feeding period was set so that the fish would have sufficient time for feeding but insufficient time to start evacuating the meal. According to Persson (1982) , -70% of the initial gut content of the roach remained in the gut after 2 h at 16.4"C. However, that study did not include the last part of the intestine (after the second bend) in the calculations of the evacuation rate. In the experiments reported here, no visible feces were found in the experimental tanks after 2 h, so it was assumed that no release of the meal occurred during this period. A ration size was selected such that all the food items were expected to be consumed. In a few cases, however, small amounts were not consumed. These were collected from the tank with a net and subtracted from the added food to obtain the total amount of food consumed. Total food consumption was then transformed to DW. In this transformation, organic DW values for Daphnia and Chironomidae were calculated after drying to constant weight at 65°C and subtracting the weight remaining after burning at 560°C. The zooplankton (Daphnia magna) were l-2 mm long, and the Chironomidae were l-2 cm long.
On a WW basis, the fish community in Finjasjijn was dominated by roach (45%) and bream (39%). In 1992, the weight of the total fish community was calculated as being 300 t (95% C.I., 215-495), of which roach constituted 135 t and bream 117 t. The roach that were caught varied from 40 to 220 mm long (median, 145 mm). The bream were 65-580 mm long (median, 290 mm). The size classes 120-150 mm and 150-l 80 mm were dominant in the roach population (87%) and the size classes 200-300 and 300-600 mm were dominant in the bream population (87%); young bream were very rare. For the roach, the average growth rate between May and October, expressed as WW, was 0.014 g d-l for the 40-70-mm size class, 0.039 for the 70-12Omm size class, 0.052 for the 120-150~mm size class, 0.078 for the 150-180~mm size class and 0.088 g d-l for the 180-220-mm size class. For the bream, the average growth rates between May and October were 0.005 g d-l (40-70-mm size class), 0.033 (70-120-mm size class), 0.18 (120-200-mm size class), 0.48 (200-300-mm size class), and 1.49 (300-600-mm size class). Based on population estimates, roach production was 13 t (95% C.I., 9-22) and bream production was 10 t (95% C.I., 7-16) in 1992 expressed in terms of DW.
For all the size classes of roach, pelagic zooplankton were the dominant food items, small cladocerans being the most common of these throughout the sampling period (Fig. 1) . Benthic macroinvertebrates, mainly Chironomidae and Micronecta sp., appeared in the size classes > 150 mm, but never exceeded 39% of the diet on a DW basis (Fig. 1 ). Zooplankters were also the dominant food items for bream up to 120 mm long but decreased in importance as the size of the fish increased, being gradually replaced by the benthic cladoceran Alona spp. and by benthic invertebrates. Individuals ~300 mm ate Chironomidae and other benthic insect larvae exclusively (Fig. 1) .
On the basis of a total fish production of 23 t and a food conversion efficiency of lo%, the total food consumption for the roach and bream populations was 230 t DW (95% C.I., 165-379) in 1992. Pelagic prey constituted 88% and benthic prey 12% of the total consumption of the roach. The diet of the bream, in contrast, contained a larger portion of benthic food items (44%) than that of the roach, but pelagic prey still dominated the diet (56%) ( Table 1) .
The controls showed no change in [P] during the experimental period (t-test, P >> 0.1). The phosphate release from the roach and the bream was 5.5 and 4.3 t 2 mg P g-l DW food when they were fed Daphnia and 4.0 and 3.4 t 1.5 mg P g-l DW food when they were fed Chironomidae (Fig.  2) . The two species did not differ significantly in their phosphate release (t-test, P > O.l), but the fish fed on Daphnia released significantly more phosphate than did those fed on Chironomidae (t-test, t,,,, = 2.3, P < 0.05). More than 80% of the increase in the total P in the water was due to the increase in phosphate concentration. If laboratory results are extrapolated to the whole lake, the release of phosphate from the roach and the bream was 0.53 mg m-* d-l (95% C.I., 0.38-0.88) between May and October. The mass balance approach of Nakashima and Leggett (1980) yielded a mean P excretion of 0.57 mg m-* d-l. Only 19% of the P released was of benthic origin (Table 1) . According to mass balance calculations (HCTD unpubl. rep.) (Fig. 3) , the total P release from the roach and bream populations in the lake during May-October constituted 110% of the average external load (0.49 mg m-* d-l) and 42% of the average net internal load literature. The estimate of Boers et al. (1991) was based on a lower fish density (10 g mp3) than the densities obtained here for Finjasjon (15 g m-3 ). That the mortality rate was not included in the present calculations could partly account for this discrepency. It also is possible that use of a 10% food conversion efficiency underestimates the P release rates of the fish. Both the estimates for the fish community and the food conversion efficiency selected were significant sources of uncertainty, the precision of the estimations being highly dependent on these two variables. However, results of using the mass balance approach of Nakashima and Leggett (1980) did not differ appreciably in the P release obtained compared with results of the present laboratory study. Thus, extrapolating the laboratory results to the whole lake conditions contributed little to the uncertainty of the estimated P release by the fish.
Mass balance calculations for 1992 revealed an external load of 4.5 t, with -1 t reaching the lake between May and October (HCTD unpubl. rep.) . The external load varied temporally during summer within the same range (0.3-1.1 mg m-* d-l) as the high and low estimates of fish P excretion. In 1992 the net internal load of P in Lake Finjasjijn was 2.5 t (HCTD unpubl. rep.) . The most important source of P in Lake Finjasjiin during the summers is the sediment pool, which is responsible for a rise in the total P concentration from 50 kg liter-' during the winters to summer concentrations that sometimes exceed 300 pg liter-l (Dept. of Ecology, Lund, unpubl. rep.) . The internal load varied during that summer; the net release of P from the sediment between May and July reached its maximum (17 mg P m-* day-') at the end of July when the water temperature also reached its maximum (20°C). From August to October there was a net transport of P to the sediment, reaching its maximum (-9 mg P m-* d-l) at the end of September (Fig. 3) . The loss of P to the sediment coincided with a decrease in temperature. Compared with these large fluxes, the P contribution from the fish community might seem small. The high and low estimates here suggest P excretion from the fish to vary within a narrower range than the internal load does (Fig. 3) . However, viewed as a seasonal average, fish excretion is a significant P source, representing 42% of the internal and 110% of the external load. It is likely that all three P sources are dependent on temperature, although in differing ways. Fish excretion is probably positively correlated with water temperature because the consumption rate increases with temperature. In Finjasjon, 95% of the variation in external load was explained by the amount of water entering the lake (HCTD unpubl. rep.) . In general, water flow is largest in winter (=low temperature) due to the combined effects of high precipitation rate and low rate of evaporation. Thus, in 1992 only -20% of the annual external P load reached the lake between May and October (HCTD unpubl. rep.) . It is therefore reasonable to think that the external load has a larger impact on the spring bloom than on the late summer phytoplankton biomass. In 1992 the internal load in Finjasjon was positively correlated with water temperature but only when the water temperature was increasing. Hence, fish excretion could be a significant P source for phytoplankton production in late summer when the water temperature is still fairly high (>15"C) but the external load is low and there is a net flux of the internal load back to the sediment.
The contribution of the new P from the benthic feeding of the roach and the bream was only 10% that of the net internal load. Benthic food constituted only 25% of the total food consumption, which differs from earlier findings for eutrophic lakes (Persson 1983; Brabrand et al. 1990 ). Because of the high standing stock of fish (270 kg ha-') in Finjasjon, it was hypothesized that roach would feed on sediment and on blue-greens due to high intra-and interspecific competition (Persson 1983 ). This was not the case. The production of pelagic prey obviously was sufficient to prevent the roach from utilizing food of low nutritive value such as sediment and blue-greens. As predicted, however, the large bream (>300 mm) fed exclusively on the sediment. Hence, according to the present calculations, 64% of the transport of P from sediment to water by the fish was caused by the benthivorous feeding of bream that were >300 mm long.
The estimate of the net internal load was based on weekly analyses of the total P concentration in the water in combination with external loading and runoff (HCTD unpubl. rep.) . The gross rate of release of P from the sediment, (i.e. the net release rate plus the sedimentation rate) probably was much higher, making the contribution of the fish still less important. It is not known whether the P released from the sediment was organically bound P or was inorganic P available for phytoplankton growth. Recent studies suggest that internal loading due to migrating algae could be an important process in the P cycle of lakes (Barbiero and Welch 1992; Brunberg and Bostrijm 1992) . The rate of regeneration of the inorganic P in the pelagic zone can thus partly determine the biomass of algae maintained in the pelagic zone after migration from the sediment. The laboratory study showed that >80% of the P released to the water by fish was inorganic, supporting earlier findings that most of the P released by fish is in a form directly available to algae (Lamarra 1975; Brabrand et al. 1990; Persson and Harm-in 1994) .
Between May and October, the total release of P from the roach and the bream was of the same magnitude as the external load. The estimate of uncertainty derived from the confidence limits based on the population estimate suggests that the P recycling rate of the fish was in the range of 78-180% of the external load (Table 1) . The range of possible values for fish excretion was calculated by combining the confidence limits of the population estimate and a 5-15% range of food conversion efficiencies. These calculations yielded a fish excretion between 53 and 359% of the external load (Fig. 3) , which is in agreement with the work of Brabrand et al. (1990) in Gjersjoen showing that the P excretion from roach during summer was equal to the external load. In Finjasjon, however, roach did not provide any new P for phytoplankton growth as did the sediment-feeding roach of Gjersj@en. Brabrand et al. (1990) suggested that the roach population, through its dual migration between the littoral and the pelagic zones, was important for the transport of P for phytoplankton production in the pelagic zone. The diet analyses of the roach and the bream in the present study indicate that littoral-pelagic migrations are less important for the P dynamics in Finjasjcin than was found to be the case in Gjersj@en. Schindler et al. (1993) demonstrated the influence of foodweb configuration on the relative importance of fish excretion as compared with the importance of zooplankton and Chaoborus. They estimated P recycling to be 40% greater in a planktivore-dominated lake than in a piscivore-dominated lake. This larger P recycling, mainly from young-ofthe-year (YOY) fish, was thought to account for a 30% larger primary production in the planktivore-dominated lake. In Finjasjon, only a small part of the catch was YOY fish. Although I did not trawl in the littoral zone (<2-m depth) and YOY roach and bream may have used littoral vegetation as a refuge from predation during the day, vegetation in 1992 was found only at water depths ~60 cm; submerged macrophytes were present in only a few sparse stands covering < 1% of the lake area (J. A. Strand pers. comm.).
The study of Schindler et al. (1993) was performed in oligotrophic systems without any large internal load. My study shows that the P release from the fish community is probably less important for phytoplankton production in eutrophic lakes with a high internal P load than in oligotrophic lakes. However, compared with the considerable temporal fluctuations in the net internal load (Fig. 3) , the contribution of fish is probably more homogeneous and could be important in determining the lower limits for primary production. Studies using shorter intervals between sampling than I used could be useful and provide more thorough knowledge of how temporal quantitative and qualitative patterns of different P sources affect the structure and production of the phytoplankton community.
